Abstract-In this paper, a robust steering control is proposed as a means to guarantee the stability of a hot strip finishing mill and improve its performances. The aim of the rolling process is to obtain a metal strip which is uniform and at the desired thickness. The lateral movement of the strip may reduce the quality of the product and damage the rolls. Hence, this displacement must be limited to improve process reliability. Since a hot strip mill treats products with very heterogeneous characteristics, a significant database was created and divided into different families of products. A method for reducing the numerical complexity of the problem exploiting the relation between the different product parameters is also presented. This method yields a convex stabilisation problem. Hence, for each family, a different robust controller is designed. Simulation and experimental results concerning the ArcelorMittal hot strip mill of Eisenhüttenstadt are presented.
I. INTRODUCTION
T HE rolling process consists of crushing a metal strip between two rolls in inverse rotation to obtain a strip which is uniform and at the desired thickness [26] , [27] . Moreover, some geometrical, metallurgical and mechanical characteristics must be given to the rolled product. A hot strip finishing mill is the association of several stands in a line, where each stand is comprised of a set of rolls. The lateral movement of the strip with respect to the mill axis, which is called strip off-center, is the consequence of rolling asymmetries such as differential stand stretching, work rolls tilting, initial off-center, strip thickness profile or thermal differential profile. Strip off-center may reduce the quality of the product and damage the rolls, if the strip crashes against the side guides of the mill. Hence, this displacement must be reduced to improve process reliability and product quality.
To this aim, several steering control methods have been developed. In general, strip off-center is considered proportional to the differential force applied to the rolls. Different approaches have been proposed to compute the stand tilt: PID controllers [7] , [10] , [12] , [15] , [24] (for a hot strip reversing mill), optimal regulators [23] , state feedback pole assignment [20] and sliding mode techniques [19] . Nevertheless, the law linking the differential force and the strip off-center is nonlinear, and each stand is coupled to the others by the traction of the strip. Thus, SISO approaches are subject to significant performance degradation. To overcome this problem, [5] proposed a multi-variable LQ control design while [3] suggested a model predictive control approach. In metallurgy, MIMO regulation strategies have already been used to control the mill loopers, which prevent abrupt tension variations that could compromise the product quality [2] , [4] , [28] , and in the strip shape control during the cold rolling process [8] , [9] , [22] . Until now, the solutions proposed for steering control concern a nominal framework. However, a mill treats thousands of different products and the design of a specific controller for each product would be difficult, in a practical application. Despite the robustness properties of the LQ control, the average controller presented in [5] cannot guarantee the same level of performances for the whole set of products. The objective of this paper is twofold: first, taking into account the parametric uncertainties due to the different physical characteristics of the rolled strips and limiting the number of controllers; second, validating our approach through experimental trials. The proposed control design consists of a multi-variable robust controller which ensures the stability of the mill and minimises strip off-center for the whole set of treated products. This set is divided into several families with respect to the uncertain parameters. Improved performances are obtained by computing a different controller for each family. Polytopic modelling yields a convex control design problem, which may be solved by using linear matrix inequalities (LMI) techniques [1] . In order to illustrate the effectiveness of our method, experimental results concerning the ArcelorMittal hot strip mill of Eisenhüttenstadt (Germany) are presented.
This paper is organized as follows. In Section II, we give a review of the simplified nominal model of the system given in [5] . In Section III, polytopic modelling is proposed. A method to simplify the system description exploiting the physical relations between the parameters is also introduced. In Section IV, robust control design is presented. In Section V, simulated and experimental results are detailed.
The following standard notations are used: for a matrix , denotes its transpose and its trace. indicates that is positive definite. is said to be Hurwitz if all its eigenvalues have negative real parts. The symbol denotes a symmetric block.
indicates the spectrum of . For a vector , denotes the real part of .
II. NOMINAL MODELING
In this section, we provide a model of a hot strip mill (HSM, searchers. Since the system is subject to small deviations around the operating point, a linear model has been drawn up. Moreover, the system has two time scale dynamics. The fast dynamics is stable and impossible to control from a practical point of view due to the actuators limitations. We resort to the singular perturbation approach to formulate the control design problem in a slow manifold [11] . This means that a reduced order linear model is obtained, which depends on the HSM parameters (e.g., roll radius, roll speed, roll force) and on the product characteristics (e.g., strip width, thickness, hardness, temperature). This reduced model is the nominal model of the HSM for a given product.
Although the reduced linear model does not provide an exact description of the real system, because of the simplifications on the nonlinear model determination, the linearisation and the singular perturbation approximation, this model has been validated for control purposes. An LQ controller, specific for a given product, was designed by [5] . Experimental results on the physical plant are positive and the linear model can be considered as reliable.
The main uncertainty in our problem is not related to linearisation, nor to model reduction. The robustness problem that will be formulated in this paper is mainly justified by the fact that an HSM treats many different strips. Despite its robustness properties, an LQ controller designed for a given strip cannot guarantee the same level of performances for the whole set of rolled products. Hence, the goal of our work is to solve the robustness problem, which consists of designing a set of robust controllers taking into account the different characteristics of the products. Before addressing the robust control design problem, we will describe the main steps we followed to obtain a nominal model of the plant.
A. Description of Physical System
An HSM is made up of stands. Each stand contains a set of rolls (composed of two work rolls and two support rolls, Fig. 2 ). Only the case is considered. The generalisation of stands can be made without any theoretical difficulty. The nonlinear strip off-center model results from the superimposition of the relations governing the system's behaviour.
For each stand , the main physical parameters are the strip width , the strip thickness , the back strip tension , the front strip tension , the screw interaxis length , the interstand length , the work rolls length , the work rolls speed and the Young's modulus . The constants , , ,
and represent the gradient of the strip parameters. They can be evaluated using numerical algorithms developed by ArcelorMittal engineers. Furthermore, the main asymmetries are the strip off-center , the strip thickness profile (wedge)
, the stand tilt , the differential stand stretch , the differential rolling force , the upstream differential of strip tension and the downstream differential of strip tension . The main equations governing the system are as follows: -the differential rolling force equation (1) -the exit stand wedge equation (2) -the angle between the strip and the mill axis equation (3) -the strip off-center equation (4) -the upstream differential of strip tension equation (5) -the coupling between two successive stands equation (6) The last equation represents the main difference between the model (1)-(6), introduced in [5] , and previous HSM models. The contributions that can be found in literature are based on the steering growth model proposed by [18] , where the strip offcenter is computed stand by stand. In fact, each stand is linked to the others by the differential of the strip tension, and (6) takes into account this coupling (Fig. 3) .
Two state variables can be associated to each stand: the strip off-center and the angle . According to the previous physical equations, the complete process is described by the nonlinear continuous-time differential system (7) where is the state, (8) is the control signal and is the external perturbation. There are cameras to measure the state variables . Only one perturbation is considered: the strip off-center at the input of the first stand due to the vibrations of the coilbox (the device used to coil the strips into the finishing mill). There are other perturbations, but their effects are negligible compared to the initial strip off-center.
The model is easily adaptable to any HSM. However, tuning it requires industrial trials and a specific database of products. A strip off-center simulator has been developed under MatlabSimulink. The tuning for the Eisenhüttenstadt HSM corresponds well with most of the products. In Fig. 4 , an example is presented. The solid line represents the experimental evolution, measured by the cameras, whereas the dashed line represents the simulated evolution provided by our model.
B. System Linearisation
The main task of steering control is to maintain the strip axis close to the mill axis. The target may be reached by modifying the differential rolling force to drive the strip into the desired trajectory. In fact, an excessive yields a high strip wedge . This means that the strip profile becomes trapezoidal (Figs. 5(a) and 6), whereas the ideal strip profile should be rectangular . In general, a final wedge belonging to the interval m m ensures good product quality. The rolling force depends on the stand tilt . In order to stay within the limits of the wedge value, the stand tilt must be bounded between mm for the three first stands and mm for the two last stands. This constraint will be taken into account on the control design. Since we assume that only small deviations around the ideal operating point are possible, the linearized model (9) may be used for control design, where is the measured output and
C. Model Reduction
The HSM system has two-time scale dynamics: the angles are fast variables compared to the strips off-center . Multiple scale systems may lead to numerical problems due to the stiffness of their structure. Moreover, system actuators have a limited rate. Also, the dynamics corresponding to the angles cannot be controlled directly. In this case, singular perturbation techniques may be used to design a well-behaved reduced controller [11] , [16] , [17] . Decomposing the state vector of the system into its fast and slow components, we have (10) The slow model is (11) with The matrix is assumed to be Hurwitz and the pair to be controllable. We claimed that the angles are fast variables with reference to the strip off-center. This means that the condition holds, with . Then, the solution of system (11) is a good approximation of the solution of system (10) . The eigenvalues of the original system (10) can be compared with those of the simplified system (11) to verify this property. Let divide the eigenvalues of the system (10) into "fast" and "slow" eigenvalues:
. Results for an average product are given in Table I (which shows ) and Table II (where the components of are compared with the eigenvalues of the reduced model (11) ). In the last column of Table II , the relative error is shown,
. Fig. 7 plots the step response of the transfer function between the last input and the last output for the system (10) and the system (11) . Note that does not have a big influence on the system dynamics.
Since is Hurwitz, a reduced controller stabilising the slow model (11) guarantees the asymptotic stability of the original closed-loop system (10) . This property can be very useful when the system order is too high to implement an effective controller or when the fast dynamics cannot be controlled because of the limits on the actuators dynamics, as in our case. An upper bound of the performance degradation is given in [11] and [21] for continuous and discrete time systems, respectively.
For a practical implementation, the controller must be designed in discrete-time, with sampling time (a lower bound for is imposed by the actuators limits). Then, the discrete time version of (11) (12) will be considered.
III. POLYTOPIC MODELING
An HSM can treat products with very heterogeneous properties. Each product is characterized by its physical parameters and by a specific system setup. The scheduling of the rolled products is assumed to be known in real time. Since the controller is computed off-line, from a control design point of view the only available information concerns the minimum and maximum bound of each parameter. Thus, the physical parameters must be considered as bounded uncertainties and a robust controller is needed.
The main task is to describe the uncertainties of the HSM system as a convex set. LMI techniques can then be applied to compute the control law. Two fundamental points are discussed: -The reduction of the number of convex hull vertices.
-The determination of the convex hull vertices such that the associated physical parameters would reflect a given product. Once the polytopic model is obtained for the whole database, partitioning it into several small convex hulls can be done quite easily. We only have to choose the number of partitions and compute the vertices of each partition as was done for the original convex set.
Consider the HSM polytopic model (13) where , and are the polytopic domains with . denotes the uncertainty and belongs to the unit simplex (14) Each point , described by the state matrices , represents the linear state-space model (12) corresponding to a vertex of the convex hull.
A. Reduction of the Convex Hull Space Dimension
Let be the set of uncertain parameters. The space dimension of the convex hull coincides with the number of uncertainties . is the number of vertices for the convex hull.
In an HSM with 5 stands, (110 for an HSM with 7). For a problem of this dimension, LMI techniques suffer from a well-known drawback concerning numerical problems. Nevertheless, such numerical problems can be avoided by exploiting the physical relations between the different product parameters to reduce the dimension of the problem. To this aim, let define the set of independent parameters , where is the strip width, is the output thickness of the strip in the last stand and and are the hardness of the strip in the first and in the last stands, respectively.
The remaining set of parameters depends on . This means that two products with the same set have nearly the same set and thus the same dynamics. To explain this fact, notice that can be broken down into two subsets : -The first subset concerns the parameters set by the operator, such as rolls characteristics. Operators must prevent incidents on the mill and restore eventual damages. Therefore, they look for an HSM setup that guarantees safe and standard system behaviour. Their choices are mainly based on past experience, hence, they usually provide similar sets for products with similar characteristics (and then with similar sets). -The last subset depends, analytically, on and . 
Each eigenvalue moves inside a very limited zone. This fact confirms that two products with the same set have nearly the same set and so, nearly the same dynamics. Thus, the space dimension of the convex hull can be reduced to .
B. Construction of the Convex Hull
Each product is characterized by its set and can then be represented as a point in a 4-dimensional space. Consider the Eisenhüttenstadt HSM database, which contains products, with . Fig. 9 shows the projections of the database on the six possible planes. Each point represents a different product. The variation of the independent parameters in the database is Since the combinations between the parameters which belong to are infinite, the products corresponding to the convex hull vertices are not necessarily included in the database. In this case, given the set , the subset must be estimated for all the products of . To this aim, the subset can be arbitrarily set to be equal to the subset of the product closest to the vertex . For each vertex , may be found solving the following minimisation problem: (17) with for any . represents the distance, with reference to the set , between the vertex and the product . The computation of (17) assumes that all the parameters are normalized beforehand into the interval . The convex hull including the whole set of rolled products bounded by (16) is divided into smaller convex hulls to improve the system performances. For each family of products , a minimisation problem in the form (17) is solved to get the convex hull vertices of this family.
IV. CONTROL DESIGN
In this section, the control design is presented. Consider the discrete-time system in the polytopic form (18) where is the controlled output. Moreover, assume that the weighting matrices and respect the orthogonality hypothesis and . The control design provides a robust controller allowing to minimise the effects of the external perturbation. Given the control law (19) and the closed loop matrices and , the transfer matrix between and is (20) and its norm is (21) with , for any . The following theorem yields the state-feedback gain which asymptotically stabilises the closed-loop system (18) minimising its norm, for any . Theorem 1: [6] If there exist symmetric positive definite matrices , , matrices , and a scalar such that LMIs (25) V. RESULTS
In this section, the control design for the ArcelorMittal HSM of Eisenhüttenstadt is described. Simulation and experimental results are provided. The whole set of products is divided into families. For each family, a specific controller in the form of (19) is designed.
A. Robust Steering Control Implementation
In order to obtain a simple and systematic procedure so as to extend the steering control to different factories, a user-friendly interface, called Robust Steering Control Toolbox (RSCT) [14] , has been developed under Matlab. The software implements the following functions: -Given the desired family bounds, it computes the set, which contains the information concerning the convex hulls vertices, for any . Hence, the minimisation problem (17) is solved in order to estimate the set, for any . -The knowledge of the set yields the linear model (12), for any . -Therefore, the robust controller gains are computed solving the LMI problem (22)- (24), for any . The free LMI solver SeDuMi [25] and the free Matlab toolbox YALMIP, which provides a simple interface for the most popular LMI solvers [13] , are used. -The toolbox also includes the HSM simulator presented in Section II-A. The only RSCT inputs are the family bounds and the weighting matrices and , for any . After experimental trials, the whole database was divided into families, with reference to the set. The families bounds are summarized in Table III . This choice improves system performances, as compared to the performances obtained using a single controller for all the products. The number of families has been limited to handle the data in the factory more easily. Weighting matrices are tuned to fulfil the constraints on described in Section II. 
B. Simulation Results
Simulation results are shown for a product with . From Table III , belongs to the first family. Fig. 10 shows the output evolution. The solid line represents the evolution using the controller gain . The dashed line shows the evolution using a classic LQ controller gain, designed for an average product of family 1. The dotted line shows the evolution using the classic LQ controller gain given in [5] , designed for an average product of the whole database. As expected, the division of the whole database into several families improves system performances. Moreover, the robust controller takes into account the uncertain parameters and minimises the effects of the external perturbation due to the coilbox vibrations. The last line, the dash-dotted one, shows the evolution without control. Notice that in this case a saturation occurs: this means that the strip is crashing against the HSM side-guides.
C. Industrial System Description
The steering control system includes five cameras measuring the strip off-center, the main computer SC and the data connection devices (Fig. 11) . The cameras, which are DAC004 delivered by Fife, are protected by a water-cooled housing (the strip can reach 1000 ) and mounted on dedicated vibration absorbers to avoid high accelerations. A Profibus connects each camera to the main computer, which is linked to the PLC stand by Profibus as well. The main computer consists of a 3 GHz Intel-P4 standard personal computer with integrated Profibus interface. The control system is developed in the C++ language and works under the operating system Windows XP. A TCP/IP using an Ethernet connection communicates the rolling parameters to the Level 2 system. Filtering, active pixel selection and edge detection are carried out by FPGA devices, which are directly located on the cameras. This architecture reduces the amount of data which must be transmitted to the main computer. An edge detection algorithm based on gradient analysis is used to obtain clear information concerning the strip off-center values. During the operating phase of the control system, the applied stand tilt is , with the gain Fig. 11 . Global process information at ArcelorMittal Eisenhüttenstadt HSM. computed off-line by the RSCT software. In order to avoid large values of , due to measurement errors, a saturation function is applied before sending the stand tilt signal to the PLC.
D. Experimental Results
In Fig. 12 , we show the exit strip off-center evolution of a product with (family 1). When the product enters the HSM, the steering control is on (Fig. 12(b) ) and the strip off-center value is kept close to zero ( Fig. 12(a) ). At the instant , the steering control system is switched off and the signal is set to a constant value by the operator. As expected, the value increases quickly (from 10 to 30 mm). In Fig. 13 , we show the exit evolution of two consecutive products with the same set (family 4). The solid line corresponds to the evolution with robust steering control whereas the dotted line corresponds to the open-loop evolution. Thus, performance improvement is demonstrated.
In Fig. 14 , the standard deviation of the strip off-center values obtained by applying the control system are compared with the standard deviation of the strip off-center values obtained in open loop. The statistics concern 100 controlled strips steering control is switched off, the strip off-center standard deviation increases more than 125%. The bounds on the maximum value have always been respected and the wedge has always been kept between m. In Fig. 15 , the standard deviation of the strip off-center values obtained using the control system are compared with the standard deviation of the strip off-center values obtained using the average LQ control system [5] . The statistics concern 44 strips from all the families. In order to guarantee the same rolling conditions (e.g., strip parameters, roll characteristics, external temperature, system asymmetries) and obtain coherent results, only identical and consecutive strips have been compared. We observe performance improvement using the control system (about 35%). Also the standard deviation of the wedge value has been improved from 7.82 m (average LQ) to 5.56 m ( control).
VI. CONCLUSION
In this paper, an robust steering control has been proposed in order to guarantee the stability of the HSM system and improve its performance. The aim has been achieved by minimising strip movement during the rolling process. Since an HSM treats a set of very heterogeneous products, an extensive database was created and divided into seven families of products. A method for reducing the complexity of the problem by exploiting the relations between the different product parameters has also been presented. This method yields a convex formulation of the stabilisation problem. Then, for each family, a different LMI-based controller was designed.
Simulation and experimental results concerning Eisenhütten-stadt HSM proved the effectiveness of our method. The strip off-center was significantly reduced, in relation to the open loop system and the old control system performances.
Steering control is an important framework in steel production. In order to adapt the described method to other HSMs, a dedicated Matlab toolbox, RSCT, was developed. Only the model tuning and a specific database of products, which each plant can provide, are required. He is currently a project leader at the ArcelorMittal Research Centre, Maizières-Les-Metz, France. His activities are about process modelling and development of new control strategies in the field of hot and cold rolling for automotive and packaging steels.
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